Introduction {#s1}
============

Mitral regurgitation (MR) is the most common valvular disease, and the number of affected patients will continue to increase as the population ages \[[@r23], [@r24]\]. MR is divided into two categories: (1) organic MR (primary), which is due to abnormalities of the mitral leaflets and subvalvular apparatus; and (2) functional MR (secondary), which is caused by enlargement of the annulus and displacement of the papillary muscles but normal mitral leaflets and an unaffected subvalvular apparatus. Although progress has been made in terms of treatment, the mechanism of MR, especially functional MR, is unclear \[[@r4], [@r37]\]. Further studies of the MR animal models could provide a better understanding of the disease. In addition, the increasing variety of operating equipment used to treat MR \[[@r9], [@r35], [@r41]\] and related diseases \[[@r21]\] necessitates pre-clinical evaluations in animal models. Therefore, there is a great demand for an animal model of MR.

An effective large animal model of MR is an important tool for cardiovascular research because it would not only meet the needs of basic research but could also be used for the pre-clinical evaluation of surgical instruments. There are many methods for establishing a MR model, but the available models have been unsatisfactory. Specifically, difficulties associated with model generation, such as poor uniformity, high mortality, complications and insufficient reflux, cause studies using these models to be time-consuming and labourious. In addition, studies involving large-animal MR models are short-term and occasionally only acute. The outcomes of these models over an extended period of time and whether the information they provide could be useful in the study of other diseases or pathological processes remain poorly understood.

The purpose of this study was to establish a porcine MR model with good uniformity, a high success rate, few complications and severe reflux. Additionally, a long-time and systematic study was conducted using the porcine MR model to determine its potential use in cardiovascular disease.

Materials and Methods {#s2}
=====================

Animals
-------

The experiments were conducted using 10-month-old male Guizhou miniature pigs weighing 25--35 kg, which were provided by the animal experimental centre of Fuwai Hospital. Before and after the operation, the animals were maintained in a normal environment, including a 12 h light/dark cycle, room temperature at 25°C. Experimental animals were free to access drinking water and fed with commercial maintenance feed twice daily. All of the animal procedures were approved by the animal welfare ethics committee of Fuwai Hospital of Peking Union Medical College, and all of the experiments were conducted in accordance with National Regulations on the Administration of Laboratory Animals.

General anaesthesia with Pentobarbital (30--50 mg/kg) and midazolam (0.1--0.5 mg/kg) was administered intramuscularly. The pigs were intubated with a cuffed endotracheal tube, the tidal volume was 12 ml/kg, and the oxygen concentration was 100%. Maintenance of anesthesia were performed by intravenous injection of fentanyl through auricular vein, 2--10 mg/kg was injected for the first time and then superadded according to the level of anaesthesia. The animal model was established as described previously \[[@r7]\], but without ameroid ring implantation. The pig was placed in the right lateral position with the left chest exposed. The whole process required the use of sterile techniques. A left intercostal thoracotomy between the third and fourth ribs was created, and the pericardium was opened to expose the heart. A purse string suture was made in the left atrial appendage. Through this opening, an 8F sheath was inserted into the left atrium at a depth of 2.5--3.0 cm to check and record the pressure of the left atrium, which ranged from approximately 6 mmHg to 8 mmHg average pressure. We then continued to insert the sheath into the right ventricle and determined the front-end position of the sheath according to the pressure. The average left ventricular pressure ranged from approximately 35 mmHg to 45 mmHg, and the pulse pressure increased. With the aid of epicardial ultrasound monitoring, a homemade retractor was inserted into the left ventricle via the sheath, and the chordae tendineae of the P2 and P3 area of the posterior mitral leaflet were hooked and cut ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.The structure and working principle of the homemade retractor. a. The structure of the homemade retractor; b. Working principle of the retractor in isolated Heart; c. The use of retractor during surgery; d. Mitral valve leaflets damaged by the retractor. The arrows indicate the mitral valve leaflet with a broken tendon.). The sheath was withdrawn to the left atrium, and the left atrial pressure was measured after 15 min, resulting in an increase of at least 10 mmHg. If the left atrial pressure failed to increase by 10 mmHg, we repeated the previous procedure until the pressure met this requirement ([Supplementary Fig. 1](#pdf_001){ref-type="supplementary-material"}). In the control group, pigs were treated with the same surgical procedure as in the experimental group but did not undergo injury of the mitral valve. The thorax was then closed, and pethidine hydrochloride (1 mg/kg, im, bid) was administered for 2 days, cephalexin (15 mg/kg, im, bid) for 3 days and furosemide (10 mg, im, bid) for 7 days. After surgery, the pigs continued to receive digoxin, furosemide, spironolactone, and potassium citrate granules orally for 1 month. Daily auscultation was necessary to assess the presence of pulmonary oedema.

Electrocardiogram
-----------------

Each pig was examined via a twelve-lead electrocardiography (GE medical systems, Boston, USA) before surgery and sampling. The same anaesthetic method as described above was used for these procedures. The hair of the left chest and leg was removed after anaesthesia, and the electrocardiograms were recorded as previously described \[[@r9]\]. Three standard bipolar limb lead electrodes were placed on juxta-articular regions of the pig, electrode V1--V6 chest lead electrode plates were attached to the chest; V1 was placed at the right edge of the sternum in the fourth intercostal space; V2 was placed at the left edge of the sternum in the fourth intercostal space; V4 was placed at the intersection of the left midclavicular line and the fifth intercostal space; V3 was placed at the midpoint of the connection of V2 and V4; V5 was placed at the anterior axillary line and in the same horizontal line as V4; and V6 was placed at the left midaxillary line and in the same horizontal line as V4 and V5. The electrode was then connected to the electrocardiograph to record the ECG. The correction voltage was 1 mv=10 mm, and the paper speed was 25 mm/s. The ECG was interpreted by a cardiologist with extensive experience analysing ECGs.

Echocardiography
----------------

Echocardiographic studies were performed using a high-quality echocardiograph (Vivid 7, GE, Waukesha, Wisconsin) equipped with a 2.5-MHz transducer. Measurements of the degree of MR, left atrial maximal volume (LAV max), left atrial minimal volume (LAV min), left atrial ejection fraction (LAEF), left ventricular end-diastolic volume (LVEDV), left ventricular end-systolic volume (LVESV), and left ventricular ejection fraction (LVEF) were performed in accordance with the current recommendations of the American Society of Echocardiography. We used the ratio of the regurgitation area to left atrial area (RA/LAA) to evaluate the degree of regurgitation: less than 20% indicated mild regurgitation, between 20% and 40% indicated moderate regurgitation, and greater than 40% indicated severe regurgitation. LAV max and LAV min were calculated from the apical four-chamber and two-chamber views using the modified Simpson biplane method. The LAV max (defined as the volume immediately prior to mitral valve opening) and the LAV min (defined as the volume immediately after mitral closure) were recorded, followed by the derivation of LAEF, as follows: (LAV max-LAV min)/LAV max×100% \[[@r29]\]. The LVEDV and LVESV were calculated from the left ventricular long axis view using Simpson's biplane method. The LVEDV (defined as the maximum volume of left ventricular diastolic phase) and the LVESV (defined as minimum volume of left ventricle systolic phase) were recorded, followed by derivation of the LVEF, as follows: (LVEDV-LVESV)/LVEDV×100%. Both transthoracic and epicardial ultrasound echocardiography were performed by experienced accredited sonographers and physicians. A transthoracic ultrasound was performed before the operation to eliminate pigs with structural heart disease. Intraoperative epicardial echocardiography was accomplished using an oesophageal ultrasound probe to monitor the severity of MR during the operation. After the operation, the pigs were examined by transthoracic ultrasound at 1 month, 6 months, 12 months, 18 months, 24 months, and 30 months for review until the end of the experiment.

Three-dimensional electrophysiological mapping
----------------------------------------------

Before the end of the experiment, electrical mapping of the left atrium was performed using a three-dimensional electrophysiological mapping system (Ensite3000, St Jude Medical, Inc., St. Paul, MN). The specific electrode was inserted into the left atrium via the femoral vein approach, with puncture of the atrial septum. The electrode catheter was inserted along the left atrium endocardium under guidance from the X-ray image and intracardiac electrogram. The three-dimensional geometric configuration of the endocardium in the left atrium at the end of diastole was established, and the maximum amplitude of the electrogram in the endocardium was collected. The amplitude was indicated by red, yellow, green, blue, and purple, with red representing the lowest amplitude and purple the highest. The left atrial voltage map revealed the difference between the low-voltage and normal myocardium.

Histological analyses
---------------------

The left atrium was removed from the heart and fixed in 10% formalin for 48 h. Specimens measuring approximately 1.0 cm × 0.5 cm were obtained from the left posterior wall of left atrium central and left ventricular anterior wall. Epicardial connective tissue was removed to avoid overestimating the degree of fibrosis. Sirius Red staining was performed using a kit from LEAGENE (Beijing, China), according to the manufacturer's protocol. Collagen I was stained red and orange, collagen III was stained green, and cell nuclei were stained blue. The degree of myocardial fibrosis was measured and quantified by Sirius Red staining using Image-Pro Plus 6.0. For each specimen, 10 fields were randomly selected, and the proportion of fibrotic areas were statistically analysed. The collagen volume fraction (CVF) was calculated as follows: CVF (%) = (total area of collagens /total area of image) × 100%.

Atrial fibrillation susceptibility test
---------------------------------------

All of the laboratory animals, including those in the experimental group and the control group, were tested for susceptibility to atrial fibrillation. The pigs were anaesthetized as previously described, and the chest was opened via midline sternotomy. The stimulating electrode was connected to the right auricle. Atrial fibrillation susceptibility was tested by burst pacing with 600 bpm at the LA site, and 8 × 6 s bursts were applied. The duration of atrial fibrillation was measured in each animal. If an episode lasted longer than 180 s after any stimulus, atrial fibrillation susceptibility was considered positive. After AF vulnerability testing, experimental animals were administered euthanasia by intravenous injection of 10% potassium chloride injection (0.5--1ml/kg) under anaesthesia, then tissues were harvested for histology.

Statistical analysis
--------------------

All values were analysed with SPSS 24.0 and expressed as the mean ± SE of the mean. A single-sample *t*-test was used to compare the mean of the sample with the known population mean. An independent-samples *t*-test was used to compare two sample means. Two-way ANOVA with repeated measures was conducted to examine differences between the groups and between measurement times. An independent-samples *t*-test was used for intergroup comparisons, and a paired-samples *t*-test was used for intragroup comparisons. The χ2 test was used to examine the statistical significance of the positive rate of the atrial fibrillation susceptibility test between the two groups. *P*-values less than 0.05 were considered statistically significant. GraphPad Prism 7 software was used for the statistical analyses.

Data availability statement
---------------------------

The datasets generated during and/or analysed during the current study are available from the corresponding author on reasonable request.

Results {#s3}
=======

Surgical results
----------------

In this study, 11 pigs underwent MR surgery. 2--3 times cutting were usually required to meet our requirements during the operation, and post-operative cardiac anatomy showed that the lesion site was located in the P2 and P3 area of the posterior mitral leaflet where we are expected ([Fig. 1](#fig_001){ref-type="fig"}). One of the pigs had a left atrial posterior wall rupture and bled during the operation, which was stopped by suturing. Due to excessive bleeding and MR, the pig died 4 h after the operation. In the postoperative review, the degree of MR in one pig was not sufficient, and the pig was excluded from the analysis. At the end of the experiment, another pig developed ventricular fibrillation during anaesthesia for specimen collection and died after rescue. The other 8 pigs were confirmed by echocardiography as having severe MR ([Fig. 2a and b](#fig_002){ref-type="fig"}Fig. 2.Ultrasound cardiogram of the pig. a: The apical four chamber view showing blood flowing through the mitral valve and flowing back into the left atrium. Heart: The blue area is the regurgitant beam. b: Continuous-wave Doppler at the level of the mitral valve showing the holosystolic regurgitant flow. c: The anteroposterior diameter and left and right diameter of the left atrium increased significantly in the mitral regurgitation group (4.1 cm and 5.5 cm, respectively). Square: Enlarged left atrium. d: The anteroposterior diameter and left and right diameter of the left atrium in the control group were normal (2.6 cm and 3.3 cm, respectively). Diamond: Normal left atrium.). No pigs experienced postoperative heart failure, pulmonary oedema, wound infection, pulmonary infection, or other complications. The operative mortality rate was 9%, and the success rate of the model was 82%.

Electrocardiogram
-----------------

The preoperative ECG showed that the P wave width of the experimental group was similar to that of the control group. The P wave width in the experimental group increased gradually, and some of the animals showed double-cusp type changes ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.The ECGs of the experimental group and control group were compared at 30 months after the operation. a: The height and width of the P wave were normal in the experimental group based on the electrocardiogram b: Electrocardiography in the experimental group showed that the P wave broadened and exhibited a double-cusp type, indicated by the arrow.). However, we did not observe signs of left ventricular hypertrophy or enlargement, such as an increased QRS wave group voltage, left axis deviation, or and ST-T changes.

Echocardiography
----------------

The degree of MR: In the experimental group, all of the pigs were confirmed by ultrasonography as exhibiting severe MR (RA/LAA\>40%) at different times, and the RA/LAA values at 1, 6, 12, 18, 24, and 30 months after the operation were 54.3 ± 3.5%, 46.8 ± 1.6%, 51.8 ± 4.3%, 47.8 ± 1.4%, 46.9 ± 1.0%, and 47.0 ± 1.5%, respectively. There were no cases of mitral stenosis or regurgitation in the control group during the experiment.

Left atrial volume and ejection fraction: Two-way ANOVA with repeated measures found significant intergroup, intragroup and interactional differences in the LAV-max, LAV-min, and LAEF ([Table 1](#tbl_001){ref-type="table"}Table 1.Echocardiographic measurements in the control group and the MR group at different time points before and after the operation, as well as the results of the two-way repeated measures ANOVA with group (Control and MR) and time (different time points before and after the operation) as factors. Also shown are the results of an intergroup comparison using an independent-samples *t*-test and intragroup comparisons using a paired-samples *t*-test.LAV-maxLAV-minLAEFLVEDVLVESVLVEFCONMRCONMRCONMRCONMRCONMRCONMRBS15.5 ± 1.412.1 ± 1.56.0 ± 0.64.8 ± 0.561.2 ± 2.460.4 ± 2.132.5 ± 1.826.8 ± 2.212.2 ± 0.77.8 ± 1.062.5 ± 1.468.8 ± 2.6AS 1 month16.3 ± 1.225.8 ± 1.96.3 ± 0.611.5 ± 1.260.8 ± 3.854.2 ± 3.432.5 ± 1.238.4 ± 3.111.8 ± 0.99.1 ± 1.463.7 ± 2.478.8 ± 1.4AS 6 month16.0 ± 0.731.0 ± 1.95.7 ± 0.314.9 ± 1.464.7 ± 1.651.3 ± 2.932.6 ± 1.336.6 ± 2.111.0 ± 1.19.4 ± 0.966.7 ± 2.374.6 ± 1.8AS 12 month14.5 ± 1.130.0 ± 2.06.0 ± 0.615.6 ± 1.358.7 ± 3.047.3 ± 4.431.7 ± 1.637.6 ± 1.810.3 ± 1.010.0 ± 1.466.7 ± 3.073.8 ± 2.6AS 18 month15.0 ± 1.231.1 ± 1.45.7 ± 0.616.5 ± 1.362.0 ± 2.742.0 ± 3.932.7 ± 0.736.6 ± 1.712.3 ± 0.610.4 ± 0.961.7 ± 1.271.8 ± 2.0AS 24 month14.8 ± 1.433.4 ± 1.76.3 ± 0.518.8 ± 1.356.7 ± 3.143.6 ± 2.630.3 ± 1.438.5 ± 2.110.8 ± 0.711.6 ± 1.164.3 ± 1.970.3 ± 1.6AS 30 month16.0 ± 1.633.1 ± 2.36.2 ± 0.619.3 ± 1.660.7 ± 3.341.2 ± 3.131.0 ± 1.137.4 ± 2.311.2 ± 0.511.9 ± 1.363.8 ± 1.668.6 ± 2.1OverallIntergroupF=36.108, *P*\<0.001F=43.837, *P*\<0.001F=13.510, *P*=0.003F=2.917, *P*=0.113F=1.150, *P*=0.305F=21.654, *P*=0.001IntragroupF=34.506, *P*\<0.001F=27.157, *P*\<0.001F=5.838, *P*=0.001F=5.581, *P*\<0.001F=2.264, *P*=0.047F=3.280, *P*=0.007InteractionF=36.583, *P*\<0.001F=26.854, *P*\<0.001F=4.019, *P*=0.009F=7.725, *P*\<0.001F=4.827, *P*\<0.001F=1.833, *P*=0.105IntergroupCON vs. MRCON vs. MRCON vs. MRCON vs. MRCON vs. MRCON vs. MRBS*P*=0.145*P*=0.138*P*=0.824*P*=0.077*P*=0.055*P*=0.075AS1 month*P*=0.002*P*=0.005*P*=0.221*P*=0.140*P*=0.150*P*\<0.001AS6 month*P*\<0.001*P*\<0.001*P*=0.053*P*=0.164*P*=0.266*P*=0.017AS12 month*P*\<0.001*P*\<0.001*P*=0.070*P*=0.058*P*=0.858*P*=0.102AS18 month*P*\<0.001*P*\<0.001*P*=0.002*P*=0.082*P*=0.123*P*=0.002AS24 month*P*\<0.001*P*\<0.001*P*=0.006*P*=0.012*P*=0.573*P*=0.032AS30 month*P*\<0.001*P*\<0.001*P*=0.001*P*=0.044*P*=0.660*P*=0.110IntragroupCONMRCONMRCONMRCONMRCONMRCONMRAS1m vs BS*P*=0.224*P*\<0.001*P*=0.576*P*=0.004*P*=0.903*P*=0.166*P*=1.000*P*=0.009*P*=0.611*P*=0.276*P*=0.656*P*=0.005AS6m vs BS*P*=0.665*P*\<0.001*P*=0.363*P*=0.001*P*=0.300*P*=0.053*P*=0.915*P*=0.005*P*=0.158*P*=0.082*P*=0.097*P*=0.019AS12m vs BS*P*=0.203*P*\<0.001*P*=1.000*P*\<0.001*P*=0.542*P*=0.041*P*=0.659*P*=0.001*P*=0.058*P*=0.069*P*=0.351*P*=0.104AS 8m vs BS*P*=0.542*P*\<0.001*P*=0.576*P*\<0.001*P*=0.843*P*=0.003*P*=0.913*P*=0.002*P*=0.862*P*=0.019*P*=0.714*P*=0.256AS 4m vs BS*P*=0.416*P*\<0.001*P*=0.638*P*\<0.001*P*=0.349*P*=0.002*P*=0.311*P*=0.001*P*=0.082*P*=0.004*P*=0.396*P*=0.612AS30m vs BS*P*=0.597*P*\<0.001*P*=0.741*P*\<0.001*P*=0.898*P*=0.002*P*=0.357*P*=0.005*P*=0.076*P*=0.008*P*=0.387*P*=0.957Data are means ± SEM, CON: control, BS: before surgery, AS: after surgery, m: month.).

An independent-samples *t*-test found no intergroup difference in the LAV-max, LAV-min, or LAEF before the operation (*P*=0.145, *P*=0.138, *P*=0.824). The LAV max and LAV min of the experimental group were higher than those in the control group at each time point after the operation. There was no difference in the LAEF between the two groups in the early post operation ((*P*=0.221, *P*=0.053, *P*=0.070 at 1, 6, and 12 months after the operation). However, at late post-operation time points, the LAEF of the experimental group was lower than that of the control group (*P*=0.002, *P*=0.006, *P*=0.001 at 18, 24, and 30 months after the operation) ([Table 1](#tbl_001){ref-type="table"}).

In the control group, there was no intragroup difference in the LAV-max, LAV-min, LAEF. In the experimental group, LAV max and LAV min increased from 12.1 ± 1.5 ml and 4.8 ± 0.5 ml, respectively, before the surgery to 25.8 ± 1.9 ml (*P*\<0.001) and 11.5 ± 1.2 ml (*P*=0.004) at 1 month, 31.0 ± 1.9 ml (*P*\<0.001) and 14.9 ± 1.4 ml (*P*=0.001) at 6 months, 30.0 ± 2.0 ml (*P*\<0.001) and 15.6 ± 1.3 ml (*P*\<0.001) at 12 months, 31.1 ± 1.4 ml (*P*\<0.001) and 16.5 ± 1.3 ml (*P*\<0.001) at 18 months, 33.4 ± 1.7 ml (*P*\<0.001) and 18.8 ± 1.3 ml (*P*\<0.001) at 24 months, and 33.1 ± 2.3 ml (*P*\<0.001) and 19.3 ± 1.6 ml (*P*\<0.001) at 30 months after the surgery ([Fig. 4a and b](#fig_004){ref-type="fig"}Fig. 4.Volume and systolic function of the left atrium and left ventricle. Comparison of LAV max (a), LAV min (b), LAEF (c), LVEDV (d), LVESV (e) and LVEF (f) between the experimental group and the control group. P1: *P* value of intergroup comparison, P2: *P* value of intragroup comparison, P3: *P* value of interaction effect.). There were no intragroup differences in the LAEF at 1 or 6 months after the operation (*P*=0.166, *P*=0.053). The LAEF began to decrease from 12 months after the operation, and significant intragroup differences in the LAEF were observed at 12, 18, 24, and 30 months after the operation (*P*=0.041, *P*=0.003, *P*=0.002, *P*=0.002) in the experimental group ([Fig. 4c](#fig_004){ref-type="fig"}).

Left ventricular volume and ejection fraction: Two-way ANOVA with repeated measures found no significant intergroup, intragroup or interactional differences in the LVEDV and LVESV. There were significant intergroup and intragroup differences for the LVEF, but no interactional difference ([Table 1](#tbl_001){ref-type="table"}).

An independent-samples *t*-test found no intergroup differences in the LVEDV, LVESV, or LVEF before the operation (*P*=0.077, *P*=0.055, *P*=0.075, respectively). There were no differences in the LVEDV between the two groups in the early post operation (*P*=0.140, *P*=0.164, *P*=0.058, *P*=0.082 at 1, 6, 12, 18 months after the operation, respectively), but in the late post operation, the LVEDV of the experimental group was higher than that in the control group (*P*=0.012, *P*=0.044 at 24 and 30 months after the operation) ([Table 1](#tbl_001){ref-type="table"}). No intergroup difference was found in LVESV at any time point after the operation. A significant intergroup difference was observed in the LVEF at 1, 6, 18, and 24 months after the operation (*P*\<0.001, *P*=0.017, *P*=0.002, *P*=0.032, respectively), but no intergroup differences were detected at 12 or 30 months after the operation (*P*=0.102, *P*=0.110, respectively) ([Table 1](#tbl_001){ref-type="table"}).

In the control group, there were no intragroup differences in the LVEDV, LVESV, or LVEF. In the experimental group, the LVEDV at all time points after the operation was higher than that before the operation ([Fig. 4d](#fig_004){ref-type="fig"}). There were no intragroup differences in the LVESV at 1, 6, or 12 months after the operation (*P*=0.276, *P*=0.082, *P*=0.069, respectively). The LVESV began to increase from 18 months after the operation, and a significant intragroup difference in LVESV was observed at 18, 24, and 30 months after the operation in the experimental group (*P*=0.019, *P*=0.004, *P*=0.008, respectively) ([Fig. 4e](#fig_004){ref-type="fig"}). In the experimental group, the LVEF increased from 68.8 ± 2.6% before the surgery to 78.8 ± 1.4% and 74.6 ± 1.8% at 1 and 6 months after the surgery, respectively (*P*=0.005, *P*=0.019, respectively), after which it gradually decreased to near its preoperative level ([Fig. 4f](#fig_004){ref-type="fig"}).

3D electrophysiological mapping
-------------------------------

There was no significant change in left atrial electrophysiological mapping. The low-voltage zone was not found in either the experimental or control groups in the three-dimensional mapping examination ([Fig. 5](#fig_005){ref-type="fig"}Fig. 5.The voltage map in the mitral regurgitation group and the normal group. Three-dimensional mapping showing no low-voltage zones in the left atrium of the control group (a) or the mitral regurgitation group (b).).

Histopathology findings
-----------------------

Sirius Red staining showed that the CVF of the left atrium was 18.1 ± 3.0% in the experimental group ([Fig. 6b and f](#fig_006){ref-type="fig"}Fig. 6.The degree of fibrosis in the left atrium and left ventricle between the normal and mitral regurgitation groups. The left atria in the control group were stained with Sirius Red and then observed using light (a) and polarized light microscopy (e). The left atria in the MR group were stained with Sirius Red and observed using light (b) and polarized light microscopy (f). The left ventricles in the control group were stained with Sirius Red and observed using light (c) and polarized light microscopy (g). The left ventricle in the control group were stained with Sirius Red and observed by ordinary light microscopy (d) and polarized light microscopy (h). The arrow indicates the fibrotic region.) and 1.6 ± 0.2% in the control group ([Fig. 6a and e](#fig_006){ref-type="fig"}). There was a significant difference between the two groups (*P*\<0.05). This difference was due to reactive fibrosis, manifesting as an increase in collagen deposition in the myocardial interstitial space, rather than reparative fibrosis. Sirius Red staining not only showed fibrosis but also that the fibrosis formation was due to the deposition of types I and III collagen. However, the CVF of the left ventricle was 2.0 ± 0.5% in the experimental group ([Fig. 6d and h](#fig_006){ref-type="fig"}) and 1.9 ± 0.3% in the control group ([Fig. 6c and g](#fig_006){ref-type="fig"}), with no significant difference between the two groups (*P*=0.58).

Atrial fibrillation susceptibility test
---------------------------------------

In the open-chest follow-up experiments, where atrial fibrillation susceptibility was tested by burst pacing, sustained atrial fibrillation was not observed in any of the 6 control pigs. In the MR group, sustained AF was inducible in 4 of 8 pigs ([Fig. 7](#fig_007){ref-type="fig"}Fig. 7.ECG of the atrial fibrillation susceptibility test. When atrial fibrillation susceptibility tests were performed, the right atrial induction electrode recorded the ECG. BP: burst pacing; AF: atrial fibrillation; SR: sinus rhythm; the symbol "\\\\" indicated that the middle part of AF was omitted. The positive rate of atrial fibrillation susceptibility was 50% in the mitral regurgitation group (a) and 0% in the normal group (b).). There was a significant difference in atrial fibrillation susceptibility between the two groups (χ2, *P*\<0.05). The duration of atrial fibrillation in the experimental group was 310.9 ± 103.8 s, and the duration of atrial fibrillation in the control group was 19.5 ± 4.4 s.

Discussion {#s4}
==========

In this study, a porcine MR model with good uniformity and low mortality was established. During the process of model development, a standardized operative technique and the postoperative drug treatment regimen were developed. The operation was performed with a left chest incision, which protected the integrity of the chest more effectively than a median incision. We used epicardial ultrasonography during the operation, which provided clearer images than transesophageal echocardiography because of the large gap between the oesophagus and the heart in pigs. In addition, the oesophageal ultrasound probe was used instead of the conventional probe to minimize interference with the surgical procedures. Monitoring of the left atrial pressure can help to judge the degree of mitral regurgitation and to locate the mitral valve plane based on the change in pressure. However, a small challenge was encountered when the retractor entered the right ventricle to grasp chordae. Specifically, the retractor faced the atrial surface of the mitral valve, and the tendon was on the ventricular surface of the mitral valve, making it difficult for the retractor to grasp the tendon. Consequently, the surgeon had to turn the retractor to grasp the tendon, which was a simple task after a few attempts. During the course of the operation, the angle of the sheath tube should be kept unchanged or the retractor can move into the sheath in the wrong direction and damage the posterior wall of the atrium. One pig in the experiment died as a result of this complication. Postoperative short-term anti-infection and pain treatment is necessary. Anti-heart failure treatment for approximately 4 weeks after the operation can cause the induced acute MR flow to become chronic.

In this model, follow-up was performed for 30 months after the operation. The volume and systolic function of the left atrium and left ventricle were continuously observed. These metrics are considered the earliest affected part of the heart during MR. Therefore, the pathological process of the model was similar to the clinical course of chronic MR. Left atrial enlargement was evident, while the left ventricular volume and systolic function were preserved. This phenomenon may have occurred because during early MR, the left ventricle can pump excess blood into the low-pressure left atrium to avoid damage, resulting in enlargement of the left atrium due to the increased pressure and volume load. This condition differs from that of aortic regurgitation, in which the left ventricle must pump excess blood into the high-pressure aortic cavity and was damaged in the early stage. A similar result was obtained by histopathological examination. Severe fibrosis in the left atrium occurred in the experimental group compared with the control group, but there was no difference in left ventricular fibrosis between the two groups. Lastly, the results of three-dimensional mapping and atrial fibrillation susceptibility test suggests that although atrial fibrosis is not sufficient to alter the atrial potential, it can impact on electrical activity.

Comparison with other MR models
-------------------------------

Organic MR model: Animal MR models are an important tool for cardiovascular research and can be implemented in large mammals, such as pigs \[[@r1], [@r14]\], dogs \[[@r26], [@r38]\], sheep \[[@r16], [@r34]\], as well as in small mammals, such as rabbits \[[@r11]\], rats \[[@r15], [@r27]\], among others. The rat MR model is produced via by thoracotomy. Under transoesophageal echocardiography, a needle is used to enter the ventricle through the apex and damage the mitral valve. The degree of regurgitation is generally evaluated by the ratio of the regurgitant beam area to the area of the left atrium, with a ratio of 45% considered appropriate. The 5-month survival rate is close to 60% \[[@r27]\]. The rabbit MR model can be induced via the left atrial appendage, and the success rate is relatively high \[[@r17]\]. Small animals have the advantage of low costs. In addition, genetically modified animals, an important tool in current scientific research, are easier to generate in small animals. However, their disadvantages are also clear. Small animals cannot be used for surgical repair or the evaluation of surgical methods and instruments. However, the evaluation of surgical procedures and instrumentation is an important aspect of MR model application.

Due to their size, MR in large animals can be produced using traditional thoracotomy and transcatheter techniques. Cutting off the mitral chordae or injuring the mitral valve leaflet are frequently used methods in large-animal MR models. In a closed-chest model, the catheter can be inserted through the carotid \[[@r14], [@r20]\] or femoral artery \[[@r40]\]. The surgical procedure can be performed under fluoroscopic \[[@r14], [@r31]\] and/or transthoracic \[[@r31], [@r36]\] or transesophageal \[[@r40]\] Doppler echocardiographic guidance. MR is usually considered sufficiently severe when the cardiac output is decreased by 50% \[[@r6], [@r20]\] or the pulmonary capillary wedge pressure is increased by 20 mmHg \[[@r20], [@r22]\] as these values are readily achievable during interventional procedures. One advantage of such models is the minimal invasiveness of the procedure. However, the location of the chordae and leaflet are difficult to determine, which may be an important reason for the poor uniformity of such models. Some animals must be excluded because the MR is only mild \[[@r17]\]. In an open-chest model, the operation can be completed either by left thoracotomy \[[@r2]\] or by median thoracotomy \[[@r1]\]. Mitral valve damage can be completed by atriotomy or using a metal device inserted though the LV apex \[[@r1]\] or auricula sinistra \[[@r2]\]. An atriotomy requires a cardiopulmonary bypass and is usually associated with cardiac arrest \[[@r2], [@r16]\], which increases the difficulty of surgery. However, the chordae can be cut under direct vision. However, it is impossible to estimate the degree of reflux under real-time ultrasonic monitoring. In the latter method, resection of the chordae is blind, but the accuracy is superior to that of closed-chest surgery because of the short operative path. Moreover, the procedure can be performed repeatedly under ultrasonic real-time monitoring until the degree of reflux is sufficient. In addition, the left atrial appendage pathway introduces less cardiac damage than the apical pathway. The mortality and complication rate of the operation vary widely in different reports. For example, mortality has been reported to be as high as 64% \[[@r17]\]. In contrast, complications are related to the operative technique. In the closed-chest model, the most common complication is congestive heart failure, with an incidence of up to 41% \[[@r17]\]. In the open-chest model, the most common complication is pulmonary oedema \[[@r2]\], which may be related to the use of cardiopulmonary bypass or destruction of the integrity of the chest. In our study, there were few postoperative complications, possibly due to a small thoracic wound and a minor heart injury.

Functional MR model: Functional MR caused by myocardial ischaemia after the occlusion of coronary flow is a frequently used method of model establishment. Myocardial infarction in the posterior papillary muscle region can lead to displacement of the papillary muscles, which can itself cause mitral regurgitation. The target vessels for ischaemic mitral regurgitation are OM1, OM2, OM3, or OM4 in the left circumflex coronary artery \[[@r33]\], in some cases including the posterior descending branch of the right coronary artery \[[@r19]\]. This process can be completed by injecting procoagulant material into the target vessel under intervention \[[@r33]\] or ligating the coronary artery \[[@r19]\]. Because of the variation of the coronary artery distribution, the myocardial infarction area is uneven after the blood flow is interrupted. Consequently, the degree of papillary muscle displacement is variable and the degree of MR is not uniform. Another problem is that the degree of regurgitation of such models is generally mild. If greater MR is desired, Cui Yongchun *et al.* \[[@r7]\] reported that MR and myocardial ischaemia can both be achieved. However, only moderate MR was observed in their study. Greater reflux, associated with myocardial infarction, can lead to increased mortality. In the present study, because of the absence of myocardial infarction, we were able to increase the degree of reflux without increasing operative mortality. A large reflux can accelerate the disease process and save time. In addition, this model includes factors related to functional MR. Enlargement of the left atrium could displace the posterior mitral annulus onto the crest of the left ventricle inlet, which can reduce the posterior leaflet area available for coaptation and tethering of the posterior leaflet by increasing the annulo-papillary muscle distance \[[@r8]\].

*Ex vivo* MR model: In recent years, *ex vivo* platforms have been developed to simulate valvular pathologies, including mitral, tricuspid, and aortic injuries. The *ex vivo* valvular pathology model is usually implemented in a passive beating heart platform \[[@r13], [@r18], [@r42]\]. The system has three main components: (1) a computer-controlled pulse duplicator connected to the heart sample, (2) a simulator of the hydraulic input impedance of the systemic circulation, and (3) a preload reservoir \[[@r18]\]. Several other design systems have also been applied \[[@r3], [@r39]\]. The methods used to achieve MR are different and primarily include mitral annular dilatation and papillary muscle transposition. In the study of Bhattacharya *et al.* \[[@r3]\], mitral annulus dilation was achieved by injecting phenol into the muscular mitral annulus with a needle. The toxic substance in phenol can damage the structure and function of muscles and expand the mitral annulus. Alternatively, in the study by Richards *et al.* \[[@r28]\], annular dilation was replicated by manually stretching the mitral annulus until a 25% increase in the anterior--posterior distance occurred. In the study by Jaworek *et al.* \[[@r13]\], the anterior and posterior mitral annuli were pulled by an external force to achieve mitral annular dilatation, and papillary muscles displacement was achieved by pulling the papillary muscle. These *ex vivo* models, characterized by normal intracardiac anatomical relationships, replicate the main effects of the MR on many levels (haemodynamic valve morphology and kinematics) in a highly repeatable and controllable manner. The model is economic and simple and can be used not only in the research and development of surgical instruments but also in the teaching and training of doctors. However, such models have the following disadvantages: (1) The overall condition of the disease is not represented, and the model cannot be used in pathophysiological studies because there is no cellular remodelling, no hormone secretion, and no nerve stimulation. (2) The integrity of the heart as a whole is not reflected, including unilateral heart perfusion. This difference results in a loss of the effect of the right cardiac chamber, the absence of pericardial constraints, non-physiological blood flow, and an absence of cardiac systolic and diastolic process. These weaknesses, which have a relatively large impact on the valve in such a model, were eliminated in the present model. (3) A single organ is unable to provide a complete evaluation of the entire surgical instrument, which can be performed only with a complete animal. In comparison to the *ex vivo* bench models, animal models also have inherent disadvantages. Among these are biological consumption, a high cost and their time-consuming nature. Both *in vitro* and *in vivo* models are important complementary tools for disease research and the development of new technologies. For this reason, such models should support rather than replace one another. For example, in the field of device development, the *in vitro* model can be used in early stages of experimentation. When the instruments are more mature, experiments in animals can be performed. We strongly believe that the combination of *in vitro* and *in vivo* methods can best solve these problems.

Application of the model
------------------------

Pathophysiological study of MR: MR is divided into organic MR and functional MR. The early stage of this model is organic MR because we destroyed the mitral chordae. However, over time, the left atrium increases markedly in size, which can cause functional MR, as previously described. In addition, MR can also be divided into acute MR and chronic MR. Our model, similar to most MR models, is suitable for the study of acute MR. According to clinical needs, chronic MR, which has a higher incidence, is the primary subject of research. Therefore, it is very important that an acute MR model transitions into a chronic model. Medication is needed to gradually adapt the experimental animals to this change in haemodynamics. As noted above, postoperative drug therapy is the key to converting mitral valve acute MR into chronic MR.

Development and preclinical evaluation of surgical instruments: Over the past ten years, a wide range of devices and techniques for mitral valve repair have appeared, which can be used in percutaneous and open-chest approaches. Research and development of these instruments have been carried out using MR models. Our model consists of tendon rupture, annulus dilatation, and left atrial enlargement, which are inherent in MR and are also required for the development of devices. In addition, an increasing number of cardiac electrophysiological tools have been applied clinically, such as three-dimensional mapping system and radiofrequency ablation systems. The operation of these devices requires the heart cavity of the animal to be sufficiently large, especially the left atrium, to facilitate atrial septal puncture and operations in the left atrium. Our experiments show that the left atrium of a MR model pig becomes sufficiently large 6 months after surgery, meeting the needs of such experiments, and does not require excessive time or costs. Extending the time provides no benefit because the left atrial enlargement slows at later time points. In our experiments, three-dimensional mapping was also involved, and the surgeons believed that the model group was more similar to the clinical condition than the normal pigs.

Myocardial fibrosis: Myocardial fibrosis is an important aspect of the study of heart diseases. At present, the commonly used models of myocardial fibrosis are primarily established by increasing the pressure load \[[@r30]\], immune damage \[[@r25]\], ischaemia \[[@r5]\] and high glucose \[[@r43]\]. However, none of these models was specific to atrial fibrosis, and MR is an ideal model for studying this condition. However, the porcine MR model is not a good option for the study of ventricular fibrosis because the duration of the present experiment was 30 months, during which the left ventricle, as an affected organ, became less fibrotic.

Atrial fibrillation: The porcine MR model cannot be used for the study of spontaneous atrial fibrillation, which we studied for 30 months without spontaneous atrial fibrillation in any cases. According to the result of three-dimensional mapping, no low-voltage zones, which are thought to be associated with atrial fibrillation, were found in either the experimental or control groups. Atrial fibrillation has a complex mechanism \[[@r12]\], and potentially because of differences in genetic background or the structure of the heart, it is difficult for pigs to achieve spontaneous atrial fibrillation by MR. Additionally, there are no previous reports of large-animal models of spontaneous atrial fibrillation. Our experiments showed that MR was associated with increased susceptibility to atrial fibrillation, and in the presence of the same electrical stimuli, atrial fibrillation was more likely to occur in the experimental group. These findings are consistent with previous results \[[@r40]\]. If pacemakers are used simultaneously, MR can be used as a tool to study atrial fibrillation. Previous studies have shown that combined MR and atrial high-frequency stimulation allow for a longer maintenance of the animal independently of atrial fibrillation \[[@r10]\].

Heart failure: The porcine MR model can be used to study acute heart failure in that MR can result in a sudden change in haemodynamics. The heart fails to adapt to this change, causing acute heart failure. Previous reports have described cases of postoperative death from heart failure \[[@r17]\], and the establishment of a heart failure model in this manner has been reported \[[@r32]\]. Postoperative medication is an effective way to prevent animals from dying from acute heart failure, as shown previously. We conducted a 30-month observational study of MR in pigs and conclude that it is not suitable for studies of chronic heart failure. Once the animals passed through acute MR, they were able to maintain smooth heart function for a long period of time without heart failure. Therefore, we do not believe that MR is suitable for establishing a chronic heart failure model because it may take a longer time for heart failure to develop and may associated with excessive time and costs.

Conclusion {#s5}
==========

Our method provides a simple and effective way to generate a MR model with severe reflux. With the monitoring by epicardial ultrasound and left atrial pressure, the survival rate and success rate of the operation is encouraging. The treatment of the postoperative animal model allowed for a smooth transition from the acute to the chronic period, which is a critical step. In addition to pathophysiological studies of MR, this model can be used for the development and preclinical evaluation of surgical instruments, atrial fibrillation, myocardial fibrosis and acute heart failure, among other applications. However, this model sis not suitable for studies of chronic heart failure.
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